The mechanism of floral scent emission was studied in Petunia axillaris, a plant with a diurnal rhythm of scent output. The emission rate of each volatile compound oscillated in synchrony with its endogenous concentration, so that the intensity of the floral scent appeared to be determined by the endogenous concentrations. The composition of major volatiles in the flower tissue and the flower headspace showed characteristic differences. A negative correlation was found between the boiling points of the volatile compounds and the ratio of their emitted and endogenous concentrations, indicating that the composition of the floral scent depends directly on the endogenous composition of the volatile compounds. We conclude that in P. axillaris, the physiological regulation of floral scent emission operates not in the vaporization process but in the control of the endogenous concentrations of volatiles through biosynthesis and metabolic conversion.
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Floral scents are mixtures of volatile compounds including aromatics, terpenoids, and fatty acid derivatives.
1) The nature of the composition causes the characteristic fragrance of a flower. Floral scents are involved in the guidance of pollinators to the reproductive organs. 2, 3) They are also an important factor in the attractiveness of ornamental plants. Moreover, some flowers are used as resources for perfumes. Hence the regulation of floral scents is an ecologically and horticulturally important subject.
The scent compounds are secondary metabolites, as are pigments and alkaloids. Scents emit through a physical process, viz., vaporization of the volatile compounds. This property distinguishes scent compounds from other secondary metabolites. We must understand the mechanisms of both production and vaporization to regulate floral scent emission.
Recent physiological studies have advanced our understanding of the mechanisms of floral scent production. Several genes encoding enzymes involved in the synthesis of floral scent compounds have been identified. 4) Plants start to emit floral scents after anthesis. Some flowers possess the property of changing their scent emission during the unfurling period. [5] [6] [7] In Clarkia breweri, enzyme activities and the emission of some floral scent compounds are regulated on the transcriptional level. 8) We are interested in the physiological regulation of floral scent vaporization. The boiling points of almost all volatile compounds identified as floral scents range from 150 C to 350 C. These substances are present in floral tissues mostly as liquids or in solution. If the emission of a particular compound is not regulated physiologically, it should depend strictly on the endogenous concentration of the compound. The vapor pressures, which correspond to the ratio of emitted and endogenous concentrations, should therefore be higher for lower boiling point compounds than for higher boiling point substances in the absence of regulatory mechanisms of scent emission.
We analyzed endogenous and emitted concentrations of floral scents in Petunia axillaris, one of the parental species of horticultural Petunia cultivars. 9) P. axillaris emits floral scents in a diurnal rhythm that can be controlled by light conditions in a growth chamber. We recorded time-courses of emitted and endogenous concentrations of floral scent compounds. Correlations between vapor pressures and boiling points of the y To whom correspondence should be addressed. Fax: +81-29-838-6841; E-mail: namisea1@affrc.go.jp Abbreviations: GC-MS, capillary gas chromatography-mass spectrometry; HPLC, high-performance liquid chromatography; HOAc, acetic acid compounds were also evaluated to determine whether any physiological regulation of the vaporization process occurred.
Materials and Methods
Plant material. Plants of P. axillaris (Lam.) Britton, Sterns et Poggenb. (Solanaceae) was raised from a seed derived from a natural population in Montevideo, Uruguay (accession code, U1), and was vegetatively propagated in a greenhouse for 2 months. Before the experiments, the plants were acclimated for more than a week in a growth chamber at a constant temperature of 25 C under a photon flux density of 185 mmol/m 2 /s with a 12 h/12 h (6:00-18:00 light/18:00-6:00 dark) illumination regime.
Collection of volatiles. For qualitative analysis, emitted volatile compounds were collected for 24 h (starting at 6:00) from 2-d-old flowers by the headspace method.
10) Flowers on P. axillaris plants were covered with Tedlar Bags (GL science, 500 ml volume). A constant stream of air (approx. 500 ml/min) filtered through activated charcoal 10) was piped through the bag, and volatile compounds were collected by Tenax-TA (150 mg) traps. The relative humidity in the Tedlar Bag was approx. 52%. For quantitative analysis, the emitted compounds were collected for 1 h (starting at 23:00) from 2-d-old flowers; afterwards, the same flowers were harvested. For determination of endogenous concentrations, one flower was harvested every 6 h starting at 6:00 of the first day after flower opening until 12:00 of the fifth day. For analysis of emission rhythms, the emitted compounds were collected every 4 h from 6:00 of the first day after flower opening until 14:00 of the fifth day.
Analysis of emitted volatiles. Scent compounds were extracted from the Tenax-TA four times, using pentane and diethyl ether (5 ml each) alternately. After ethyl decanoate (20 mg) had been added as an internal standard, the extract was dried over anhydrous sodium sulfate and concentrated at 36 C in a water bath.
Analysis of endogenous volatiles. Flower tissues without the calyx were frozen in liquid nitrogen and ground in a mortar. The ground powder was extracted twice with pentane (5 ml each) in a microwave oven (700 W) for 20 s in the presence of anisole (20 mg) as an internal standard, as described previously.
10) The extract was dehydrated with anhydrous sodium sulfate and concentrated at 36 C in the water bath. For analysis of the time-courses of endogenous levels, harvested petal limbs were investigated in the same way.
GC-MS and GC analysis. Capillary gas chromatography-mass spectrometry (GC-MS) was performed using a HP 5890 series II gas chromatograph coupled to a HP 5989B mass spectrometer (Agilent Technologies, Wilmington, DE). The GC was equipped with a splitless injector and a DB-WAX capillary column (30 m in length, 0.25 mm i.d., 0.25 mm film thickness). The column oven program consisted of a first ramp of 3 C/ min from 60 C to 120 C, 120 C for 10 min, followed by a second ramp of 2.5 C/min from 120 C to 180 C, and a third ramp of 3 C/min from 180 C to 230 C. This temperature was then maintained for 10 min. Helium was applied as carrier gas at 50 ml/min. Injection, interface, and MS source temperatures were 250 C, 280 C, and 250 C respectively. GC analysis was performed using an Agilent 6850A gas chromatograph (Agilent Technologies) monitored by FID. Analytical conditions were the same as with GC-MS.
HPLC analysis. High-performance liquid chromatography (HPLC) was performed using an Agilent 1100 chromatograph (Agilent Technologies) with a Cadenza CD-C18 column (2 mm i.d. Â 250 mm, Imtakt, Kyoto, Japan). Conditions were as follows: column temperature, 40 C; flow rate, 0.2 ml/min; solvent A, acetonitrile with 0.1% acetic acid (HOAc); solvent B, distilled water with 0.1% HOAc; gradient program: 25% to 35% A from 0 to 25 min, 35% to 40% A from 25 to 40 min, 40% to 100% A from 40 to 45 min, 100% A from 45 to 80 min. Concentrations were quantified by measuring absorbance at 210 nm for iso-eugenol, at 230 nm for methyl benzoate, and at 254 nm for benzaldehyde.
Results
Emitted volatile compounds in the headspace P. axillaris plants were grown in an incubator at a constant temperature of 25 C under a 12-h photoperiod. Nine aromatic compounds were identified by GC-MS analysis in the headspace of the flowers: benzaldehyde, benzyl alcohol, benzyl benzoate, iso-eugenol, methyl benzoate, methyl salicylate, phenyl acetaldehyde, 2-phenylethanol, and vanillin. The aromatics were quantified by GC-FID in the headspace for 1 h starting at 23:00 on the second day. The main emitted compound was methyl benzoate (75%, Table 1 ). 
Endogenous volatile compounds in flower tissue
Flowers used for quantitative analysis of emitted volatiles were harvested immediately after headspace sampling. Whole flower tissue without the calyx was analyzed by GC-MS. The same aromatics as identified in the headspace were detected, and were quantified by GC-FID. The most abundant endogenous scent volatile compounds were iso-eugenol (35%), benzyl benzoate (27%), and methyl benzoate (27%, Table 1 ).
Time-courses of endogenous levels of volatile compounds
The distribution ratios of the compounds in petal limbs to whole flowers were as follows: benzaldehyde, 60%; phenyl acetaldehyde, 65%; methyl benzoate, 15%; benzyl alcohol, 80%; 2-phenylethanol, 100%; iso-eugenol, 100%; benzyl benzoate, 100%. Thus most scent compounds, except for methyl benzoate, occurred predominantly in the petal limb. Verdonk et al.
11)
reported similar results from P. hybrida cv Mitchell. Hence we analyzed petal limbs only and discarded other tissues to eliminate the possible effects of impurities on the detection of low-level volatile compounds. The endogenous concentrations of several scent compounds were determined every 6 h by HPLC.
P. axillaris flowers opened around 12:00 and scent compounds were detected from 18:00 of the first day. Figure 1 shows results for benzaldehyde (a), methyl benzoate (b), and iso-eugenol (c) as representative compounds. Generally, the endogenous levels of the substances showed diurnal oscillations with maxima at 0:00 (midnight) and minima at 12:00 (noon) for 4 d after anthesis. These rhythms appeared particularly stable after the second day. All scent compounds showed similar time-courses. We found also that in the whole flower the endogenous concentration of every compound was higher at 0:00 than at 12:00 (data not shown).
Time-courses of emitted levels of volatile compounds
The time-courses of the emission of volatile substances were determined at higher resolution, since samples were collected every 4 h. Scent compounds were detectable first in samples collected from 14:00 to 18:00 of the first day. Figure 2 shows the time-courses for benzaldehyde (a), methyl benzoate (b), and isoeugenol (c) as representative compounds. The emitted levels of each compound showed diurnal oscillations with maxima at night and minima at noon for 4 d after anthesis. All scent compounds showed similar patterns.
Relationship between boiling points and emission ratios
The composition of the volatile aromatic fraction differed between the flower tissue and the headspace of the flowers (Table 1 ). The floral tissue tended to contain relatively high concentrations of compounds with higher boiling points, while substances with lower boiling points were present at increased levels in the headspace.
An analysis of the relationship between the logarithms of the ratios of headspace to endogenous concentrations and boiling points showed a nearly linear negative correlation (Fig. 3) .
Discussion
The main scent compounds of P. axillaris were aromatic substances, as has been described previously for P. hybrida cv Mitchell.
11) Endogenous concentrations of all scent compounds studied correlated well with the oscillating emission patterns (Figs. 1 and 2) . The overall synchronization confirms that the emission rate of volatiles is determined by their endogenous concentrations. No physiological mechanism appears to regulate the emission of volatile compounds from the flowers of P. axillaris. The concentration of the emitted mixture of volatiles, i.e., floral scent intensity, appears to be determined by the endogenous concentrations in the flower tissue.
Compounds of lower boiling point were emitted at higher relative rates in P. axillaris (Fig. 3) , indicating a purely physical regulation of scent composition. The large differences between endogenous and emitted compositions of floral scents (Table 1) are due to the different vapor pressures of the substances, which correspond to the different boiling points. The composition of the floral scent depends directly on the endogenous composition of volatile compounds.
Differences in the scent compositions of floral tissues and flower headspace appear to be common, 12, 13) which can be explained by our conclusion, stated above. But contrasting evidence has been found in flowers of Citrus medica. 13) In this species, the production of floral scent appears to be not merely a matter of biosynthesis and evaporation but rather a cytologically organized excretory process. Thus diverse regulatory mechanisms of floral scent emission might exist in plants.
The volatile substances identified in P. axillaris flowers are biosynthesised from a common precursor, phenylalanine. 4) Close quantitative correlation between the contents of methyl benzoate and its precursor, benzoic acid, has been reported in P. hybrida cv Mitchell as well as in Antirrhinum majus and Nicotiana suaveolens. 7) Similarly, the endogenous levels of other volatile substances in P. axillaris flowers might also be regulated by the activity of their biosynthetic pathways. Interestingly, the endogenous concentrations of all scent compounds decreased to almost zero at 12:00, irrespective of their maximum levels at 0:00 and their vapor pressures (Figs. 2 and 3) . Metabolic conversion to other compounds might be responsible for this decline. Thus the endogenous concentrations of the compounds are probably regulated by both biosynthesis and conversion, resulting in synchronized changes. Measurements were taken over 4 h periods, and mean values AE SE of three or more repetitions were plotted against the midpoints of these intervals. a, Benzaldehyde; b, methyl benzoate; c, iso-eugenol. SEs are indicated by vertical bars.
